Insulin resistance (IR) is present long before the onset of type 2 diabetes and results not only from inherited and lifestyle factors but likely also from environmental conditions. We investigated the association between modelled long-term exposure to air pollution at residence and biomarkers related to IR, subclinical inflammation and adipokines.
Introduction
Insulin resistance (IR) is a condition characterized by decreased tissue sensitivity to the action of insulin. After an initial compensatory stage when increased insulin secretion compensates for the low insulin action, the following stage indicates rapidly rising glucose levels. At this stage, IR can be diagnosed as isolated impaired fasting glucose (i-IFG) or isolated impaired glucose tolerance (i-IGT) or both IFG and IGT. IR has been shown to be associated with a high risk of developing type 2 diabetes in later life (1, 2) and is considered as independent predictor for type 2 diabetes and therefore often referred to as pre-diabetic state (3) (4) (5) . However, not all insulin-resistant people will develop diabetes.
In 2013, the International Diabetes Federation estimated a diabetes prevalence of around 8.3% (382 million people) worldwide, with type 2 diabetes accounting for about 85-95% of all diabetes cases (6) . Obesity (7, 8) and certain gene variants (9) were associated with diabetes and may cause the disease. Further critical factors determining susceptibility for diabetes may be poor nutrition and sedentary lifestyle (10) . In recent years, air pollution has also been discussed as a potential risk factor for the onset of type 2 diabetes (11) (12) (13) (14) (15) . Several reviews and meta-analysis combined the epidemiological findings and quantified the risk increases for type 2 diabetes per 10µg/m³ increase in exposure between 5-27% for PM 2.5 , 1-15% for PM 10 , and 1-11% for NO 2 (14, (16) (17) (18) (19) (20) depending on the studies included. Still, the underlying mechanisms are not fully understood although a number of plausible pathways have been suggested including systemic inflammation, oxidative stress and neuronal mechanisms (12, 14, 15, 21) . Recent studies investigating air pollution and IR as a precursor state of type 2 diabetes showed positive associations (10, (22) (23) (24) (25) (26) (27) . However, these studies were either experimental, investigated short-term effects or focussed on children.
With this cross-sectional analysis, we aimed to assess the associations between long-term exposure to air pollution at residence and biomarkers related to IR, subclinical inflammation and adipokines (i) in the general population and (ii) in non-diabetic, pre-diabetic, and diabetic individuals. For all markers investigated, we hypothesized incremented levels in association with incremented air pollutant concentrations. We evaluated homeostasis model assessmentinsulin resistance (HOMA-IR), fasting glucose, fasting insulin, haemoglobin A1c (HbA 1c ), as well as high sensitivity C-reactive protein (hs-CRP) as an established marker of inflammation. In addition, leptin was examined as adipokine which has been suggested to be associated with IR (28) . In terms of environmental stressors, we evaluated modelled longterm exposures to particulate matter (PM 10 : particulate matter (PM) ≤10µm in diameter, impaired fasting glucose (i-IFG) and normal glucose tolerance (NGT) were defined according to WHO 1999 diagnostic criteria (30) based on fasting and post OGTT values. For definition, diagnosis and classification of glucose metabolism, see Online Appendix Table 1 .
Due to missing address information (n=20), missing information on glucose metabolism (n=94), a non-fasting status of some individuals (n=10) or missing information on main confounders (n=12), 136 participants had to be excluded. For subgroup analysis we stratified the remaining number of 2,944 study participants into subgroups of (i) people having no diabetes (non-diabetes group, n=2,125) with NGT, (ii) people representing a non-diabetic group with conditions that are associated with insulin resistance (pre-diabetes group, n=496) with i-IFG, i-IGT or IFG and IGT, and (iii) people who already have type 2 diabetes (diabetes group, n=323). Though not all IR diagnosed individuals will develop diabetes, for reasons of brevity and simplicity we named all individuals with diagnosable insulin resistance as group of pre-diabetes. More details on study design, sampling method and data collection are provided elsewhere (31) .
Outcome definition. Blood was collected with minimal stasis, refrigerated at 4 to 8°C and shipped on refrigerant packaging within 2-4 hours to the laboratory of Augsburg Central Hospital. Fasting venous blood glucose was sampled in the morning (7:00am to 11:00am).
All non-diabetic participants were given a 75g dose of anhydrous glucose (Dextro OGT, Boehringer Mannheim, Germany) and another blood sample was collected after 2 hours.
Serum glucose was measured using a hexokinase method (GLU Flex, Dade Behring Marburg, Germany). Insulin was determined using ELISA kits from Invitrogen (Camarillo, USA). As a surrogate of insulin resistance, the homeostatic model assessment was used and defined as HOMA-IR = (fasting insulin (µU/ml))×(fasting glucose (mmol/l))/ 22.5 (32) .
HbA 1c was measured with a reverse-phase cation-exchange high-pressure liquid chromotography (HPLC) method (Menarini, analyzer HA 8160). Leptin concentrations were assessed using ELISA kits from Mercodia (Uppsala, Sweden). Measurement of hs-CRP was in anti-coagulated plasma samples using a high-sensitivity latex-enhanced nephelometric assay on a BN II analyzer (Dade Behring), with intra-and inter-assay coefficients of variation of 2.7% and 6.3%, respectively. were developed on the basis of annual average measurements and predictor variables like traffic, land use, industry, and population density derived from geographic information systems (33, 34) . These regression models were then applied to the residence addresses of study participants to assess individual long-term concentrations.
In addition to the modelled air pollution concentration, we considered two traffic indicators i) traffic intensity on the nearest road (number of vehicles/day) and ii) traffic load on major roads within 100 m of the residence (number of vehicles/day*meter), defined as the sum of traffic intensity on roads with >5,000 vehicles/day multiplied by the length of those roads in a 100 m buffer around the home addresses.
Covariates. As potential confounding factors might affect the different outcomes in different ways, we hierarchically optimized our confounder models for each outcome separately. First, we specified a minimum set of a priori defined covariates for all outcome variables including age, sex, smoking status, body mass index (BMI), waist-hip ratio (Spearman correlation coefficient with BMI was 0.52), and month of blood withdrawal. Second, we selected from several socio-economic variables: occupational status, years of education, per capita income, socio-economic status (categorical variable combining education and income). In a third step, we offered further lifestyle-related variables: years and pack-years of smoking, physical activity, alcohol intake. The selection in steps 2 and 3 was based on minimising the Bayesian information criterion as it deals with the trade-off between the goodness-of-fit and the complexity of the model. For a detailed description of the covariates and the final confounder models see Table 1 and Online Appendix Correlations between air pollutants and residential proximity to traffic were examined using Spearman correlation coefficients.
To assess the association between long-term residential exposure to air pollution and the biomarkers, we performed multivariable linear regression analyses. All outcomes were logtransformed since residuals deviated from normality. We included the annual mean concentration of each air pollutant separately as a linear term in addition to the chosen covariates. Traffic variables were additionally adjusted for background NO 2 levels to investigate traffic effects independent of the background air pollution concentrations. To investigate potential effect modification by sex we included an interaction term in the model. (36, 37) . To assess the sensitivity of our results to the influence of the degree of impaired glucose regulation, we stratified the pre-diabetes group into i-IFG (n=113), i-IGT (n=307), and IFG-IGT (n=76) groups. Moreover, we stratified the diabetes group into newly diagnosed persons (n=113) and individuals with known type 2 diabetes (n=210).
All statistical analyses were performed with SAS version 9.3 (SAS Institute, Cary, NC) and R version 3.1.0 (The R Foundation for Statistical Computing, Vienna, Austria).
Results
Study population. Table 1 shows the baseline characteristics of the 2,944 study participants.
Mean age was 56.2 years, mean BMI was 27.6kg/m 2 , and marginally more women participated. Pre-diabetic and diabetic participants were on average older, BMI was higher, and rather male than non-diabetic participants. In addition, they showed a lower prevalence of current smokers but a higher prevalence of ex-smokers. Also, socio-economic status and physical activity were in general lower for pre-diabetic and diabetic individuals. Prevalence of hypertension, myocardial infarction, stroke, and medication intake were higher with worsened insulin sensitivity.
Plasma concentrations of the six selected biomarkers are described in Table 2 by the arithmetic mean and standard deviation as well as the geometric mean. Significant differences were found for all markers between study groups. All considered blood markers showed higher concentrations with deteriorating glucose metabolism.
Long-term air pollution. The distribution of modelled annual average concentrations of air pollutants and traffic indicators at participants' residences can be found in only low to moderate. There were no significant differences in the exposure levels between the three subgroups (Online Appendix Table 3 ).
Association between long-term air pollution and biomarkers related to IR. Tables 4 and 5 show the associations between long-term residential exposure to air pollutants, traffic indicators and biomarkers related to IR. Among all study participants, exposure to NO 2 was significantly positively associated with HOMA-IR, glucose, insulin and leptin levels. Also, PM 10 , PM coarse , PM 2.5 absorbance, and NO x showed a positive association with HOMA-IR and insulin while PM 2.5 was borderline significant for glucose. Both traffic indicators were not significantly associated with any of the blood markers.
For individuals without diabetes, exposure to NO x was associated with HOMA-IR, glucose and insulin while NO 2 was associated with leptin. Among people with diabetes, the only significant association was seen between traffic load on major roads within 100 m from the residence and glucose levels.
The group of pre-diabetic individuals yielded the strongest association with highest effect estimates. In this group, HOMA-IR was associated with all air pollutants except PM 2.5 and traffic load on major roads within 100 m. With HOMA-IR being the product of fasting glucose and insulin, regression results between air pollutants and insulin mainly replicated the associations found for HOMA-IR while glucose was only associated with traffic load on major roads. Further associations were seen for leptin with all air pollutants ( Table 5) .
Results in the pre-diabetic subgroup may indicate some underlying systemic inflammatory processes. Our effect estimates for hs-CRP pointed in this direction as most air pollutants were significantly associated with higher %-changes of hs-CRP in pre-diabetic individuals (Table 5 ).
The investigation of sex as effect modifier did not reveal any significant differences between men and women (data not shown). Figure   4 , exemplarily shown for NO 2 ). Leptin and hs-CRP estimates were generally robust but higher for the diabetes group resulting in significant estimates for NO 2 .
The exclusion of 762 study participants taking diuretics and/or beta-blockers (with 306 who reported an intake of both) showed robust effect estimates for all participants but attenuated estimates for glucose as well as for glucose and insulin in non-diabetic individuals. In the pre-diabetic group, effect estimates for leptin and hs-CRP were not significant anymore (data not shown). The stratification of the pre-diabetes subgroup into individuals with i-IFG, i-IGT, or IFG-IGT showed in general higher %-changes for persons with i-IFG and i-IGT especially for HOMA-IR, insulin, and hs-CRP (exemplarily shown for HOMA-IR in Figure 2 ). For leptin, only participants with i-IGT showed an association (data not shown). The stratification of the diabetes subgroup into newly diagnosed participants and individuals with known type 2 diabetes for HOMA-IR showed significant associations for almost all exposures for the first strata but no association for the second strata ( Figure 3 ).
Discussion
We examined the association between residential long-term exposure to air pollutants and traffic indicators on biomarkers related to IR, subclinical inflammation and adipokines in a cross-sectional study conducted in the region of Augsburg, Southern Germany. Among all study participants, we found a positive association between PM 10 , PM coarse , PM 2.5 absorbance NO x , and NO 2 and HOMA-IR and insulin. Furthermore, NO 2 was significantly associated with glucose and leptin. When stratifying by glucose tolerance, most pollutants were statistically significant in association with HOMA-IR, insulin, leptin, and hs-CRP in the prediabetes subgroup. Individuals with or without diabetes showed rather no or only weak associations between air pollution and blood markers.
Sensitivity analyses suggested in general robust results for all participants and for most of the subgroup analyses. However, medication intake seemed to play a complex role especially for the diabetes subgroup. Thus, the exclusion of participants taking glucose-lowering medication (diabetes group only) led to higher air pollution estimates for HOMA-IR, insulin, leptin, and hs-CRP but lower estimates for glucose and HbA 1c . Estimates in this group were also higher for leptin and hs-CRP when excluding persons taking statins whereas results were robust for the non-diabetic and pre-diabetic group. This might indicate a mitigating or inhibiting role of this medication type with regard to inflammatory effects of air pollution in diabetic patients while healthy individuals may not be as susceptible for inflammation as individuals with metabolic disorders. Also, the stratification into newly diagnosed and known type 2 diabetes participants pointed in this direction suggesting an increased susceptibility of the first subgroup to air pollution exposure which has not been properly medicated. The exclusion of individuals with diuretic and/or beta-blocker intake mainly affected the results of the pre-diabetic group leading to non-significant estimates for all air pollutants in association with leptin and hs-CRP.
The first studies on adverse health effects of ambient air pollution mainly looked at respiratory outcomes and somewhat later on cardiovascular outcomes (39, 40) . Recent research also suggested a link between air pollution and type 2 diabetes involving multiple pathophysiological pathways (11, 12, 15) . Several reviews and meta-analyses have been published since, mainly referring to the same studies (14) (15) (16) (17) (18) (19) (20) . However, the pooled effect estimates varied to some extent depending on inclusion and exclusion criteria. As the number of eligible studies is quite sparse, the meta-analyses usually combined prevalent and incident diabetes and could not distinguish between type 1 and type 2 diabetes. Thus, clear evidence is still limited due to differences in outcome definition, exposure metrics, population characteristics, and covariates considered (14) . As IR is a powerful predictor of future development of type 2 diabetes, it came into focus in several recent epidemiological studies on air pollution (10, (24) (25) (26) (27) 41) . However, these studies investigated either short-term effects or focussed on children and thus, are not directly comparable to our study. Short-and longterm effects of air pollution are hypothesized to arise from partly different biological pathways and recent epidemiological evidence showed that adverse health effects of longterm exposure are generally larger than those observed for short-term exposure (42) . In addition, studies among children might be more pronounced due to the children´s nature of being more vulnerable to environmental stressors. To the best of our knowledge, this is the first study investigating long-term effects of air pollution in association with biomarkers of IR in the general population.
A German study from Teichert et al. (41) used partly comparable data to ours, however applied a different approach to assess the association between long-term air pollution, subclinical inflammation, and impaired glucose metabolism in 363 women. The authors stratified the women by impaired (defined as i-IFG or previous diagnosis of type 2 diabetes by a physician) versus normal glucose metabolism and compared the risk differences in association with air pollution, 14 pro-and anti-inflammatory immune mediators and fasting glucose and insulin levels. The authors reported higher odds ratios for NO 2 and NO x but not for the PM fractions. Among all exposures investigated in our study, NO 2 and NO x effect estimates were most consistent and highest pronounced though we also observed an association for the coarse PM fraction. Similar to our analysis, the study by Thiering et al. Regarding long-term air pollution and type 2 diabetes incidence, only five papers have been published so far (43) (44) (45) (46) (47) . While two studies from the US (43,44) did not observe an association between diabetes incidence and long-term air pollution , Coogan et al (47) reported a significant risk increase in association with NO x but not with PM 2.5 in a cohort of black women living in Los Angeles. A similar pattern was seen in our study with rather significant estimates for NO x but rarely for PM 2.5 . Also, a prospective study among women from the highly industrialized Ruhr district (Western Germany) observed stronger associations with NO 2 than with PM 10 (45). In addition, significant associations were seen for PM 2.5 absorbance and proximity to major roads which were also associated with elevated markers related to insulin resistance in our analysis. A further study from the Ruhr area (46) reported higher effect estimates for PM 10 compared to PM 2.5 similar to our results. acute-phase protein that binds to bacterial LPS, has been found to be associated with obesity, metabolic syndrome, and type 2 diabetes (48). This might be a possible explanation for the higher effect estimates we and others observed for PM 10 and PM coarse compared to PM 2.5 .
Strengths and limitations.
Major strengths of this study are the well-characterized nature of the KORA F4 cohort, the standardized and comprehensive estimation of residential air pollution exposure, and the availability of OGTT measurements to allow for stratification by impaired glucose regulation. Thus, the study delivered a high degree of representativeness in terms of a large number of study participants to conduct subgroup analyses and a large scale of information on patient characteristics for the examination of potential confounding.
The cross-sectional study design limits our study findings in a way that we have one-timemeasurements giving no indication of the sequence of events. The observed elevation of IRrelated biomarkers at one time point may have occurred before the onset of adverse health effects due to air pollution. Since biomarkers were determined up to three years before the air pollution measurements, it is not possible to infer causation based on our associations.
However, we are investigating spatial contrasts of air pollution. Several studies could show that spatial contrasts remained stable for periods up to ten years and longer, even with decreases in concentrations over time (49,50). Thus, we believe that our LUR models based on measurements from the years 2008/09 are not necessarily restricted to this period but may Furthermore, disparities in the inferences that can be drawn from insulin resistance measures in people with or without beta cell failure might have limited the comparability of the results.
Conclusion.
In conclusion, our results point to an association between traffic-related air pollution and biomarkers related to insulin resistance, subclinical inflammation and adipokines in the general population. The effect estimates were remarkably high for individuals with i-IFG or i-IGT or both suggesting this subgroup to be particularly susceptible for adverse health effects due to air pollution exposure.
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Association between NO2 and biomarkers presented as %-change (with 95% CI) from geometric mean per 11.9 µg/m³ increment in NO2 for all participants (top) and diabetic individuals (bottom). Squares: NO2 estimates for the whole group; circles: NO2 estimates for participants without antidiabetic medication intake. Models were adjusted for age, sex, smoking, BMI, waist-hip ratio, month of blood withdrawal, selected socio-economic-and lifestyle variables (see Online Supplementary Table 2 ). NO2: nitrogen dioxide; HOMA-IR: homeostasis model assessment-insulin resistance; HbA1c: hemoglobin A1c; hs-CRP: high sensitivity C-reactive protein. Figure 1 Supplementary Supplementary Figure 1 . Dose-response function for air pollutants (restricted cubic spline with 3 degrees of freedom) and HOMA-IR, adjusted for age, sex, BMI, waist-hip ratio, smoking status, month of blood withdrawal, and pack-years smoked (pre-diabetes group, n=496).
HOMA-IR: homeostasis model assessment-insulin resistance; PM10: particulate matter (PM) with diameter < 10 µm; PMcoarse: PM10 -PM2.5; PM2.5: PM with diameter < 2.5 µm; PM2.5abs: the soot content (absorbance) of PM2.5; NOx: sum of nitrogen monoxide and nitrogen dioxide; NO2: nitrogen dioxide.
Supplementary Figures 3a) -d).
Absolute difference in HOMA IR with 95% CI associated with an interquartile range increase in air pollutant exposure according to the deciles of HOMA IR adjusted for age, sex, BMI, waist-hip ratio, smoking status, and pack-years smoked*. *We did not adjust for month of blood withdrawal as models partly did not converge. However, the air pollutant estimates of the default used mean regression models were almost similar when adjusted or not adjusted for month.
